The influence of the source of dietary Fe (ferric citrate alone or mixed with bovine blood at a proportion of 1 : 1 (v/v)) on the digestive utilization of Fe, P, Ca and Mg, and on haemoglobin regeneration efficiency (HRE) was investigated in control and Fe-deficient rats. Diet A contained (by analysis) 43.5 mg Fe/kg diet (as ferric citrate), and diet B contained 44.3 mg Fe/kg diet (ferric citrate-bovine blood). In Fedeficient rats fed on diet A or B the apparent digestibility coefficient (ADC) of Fe increased by 42.3 and 45.7 YO respectively. The ADC of Ca and Mg decreased significantly in Fe-deficient rats regardless of the source of dietary Fe. The H R E increased by 72.9% in Fe-deficient rats fed on diet A, and by 91
Nutritional anaemias, particularly Fe deficiency, are among the most widespread nutritional problems in the world, affecting primarily developing countries, and to a lesser degree, industrialized countries. According to the World Health Organization these disorders affect between 15 and 20 % of the world's population.
Many forms of dietary Fe have been described, together with their effects on Fe absorption (Mahoney & Hendricks, 1984; Martinez-Torres et al. 1986; Beutler, 1988; Gordon & Godber, 1989; Zhang et al. 1989 Zhang et al. , 1991 . Many studies have examined the interactions of Fe with other elements added to the diet to increase or decrease Fe absorption ; the consensus is that animal proteins increase the absorption of non-haem- (Layrisse et al. 1968 (Layrisse et al. , 1969 Martinez-Torres & Layrisse, 1971; Hallberg et al. 1979 ) and haeni-Fe (Gordon & Godber, 1989) .
Interactions between Fe and trace elements, including Zn, Mn, Cu, Cd, Co (Flanagan et al. 1978; Hamilton et a/. 1978; Lonnerdal et al. 1981; Solomons et al. 1983; Lonnerdal, 1989; O'Dell 1989) and Pb (Conrad & Barton, 1978; Flanagan et al. 1980) have also been well characterized. However, little is known about Fe-Ca, Fe-Mg or Fe-P interactions (Apte & Venkatachalam, 1964; Monsen & Cook, 1976; Snedeker et al. 1982; Dawson-Hughes et al. 1986; Deehr el al. 1990 ); because most of these studies were based on healthy individuals with raised protein levels, the interactions between Fe and these macronutrients in states of Fe deficiency concomitant with protein sufficiency have yet to be clearly elucidated.
The present article clarifies some of the interactions between Fe and P, Ca and Mg in rats fed on a diet containing either non-haem-Fe in the form of ferric citrate, or haem-and non-haem-Fe in equal proportions (ferric citrate-bovine blood). In all experiments the dietary protein supplied to both control and Fe-deficient animals was sufficient to cover the minimum requirements for this species.
M A T E R I A L S A N D M E T H O D S

Experimental design
The influence of two diets (A and B) on the digestive utilization of Fe, P, Ca and Mg, and on haemoglobin regeneration efficiency (HRE), was studied in rats made Fe-deficient by feeding for 30 d with a diet prepared in our laboratory without Fe supplementation (diet 0), and in normal controls fed on diet A. A total of twenty-eight male rats were divided into four groups of seven animals each. Food intake, body weight, change in body weight, and intake, faecal excretion, absorption and apparent digestibility coefficient (ADC) of Fe, P, Ca and Mg were determined in all subjects, as were plasma concentrations of Fe, Ca and P, number of erythrocytes, packed cell volume, haemoglobin, leucocyte count and leucocyte index (percentage of each type of leucocyte relative to the total number of leucocytes identified) in blood. Table 1 summarizes the composition of diets 0, A and B on a dry weight basis. In diet A, Fe was supplied by the addition of 210 mg ferric citrate (about 190 mg Fe/g)/kg diet. The amount of Fe supplied by diet B was similar, the only difference between the two being that the latter diet contained equal amounts of ferric citrate and bovine blood rather than ferric citrate alone.
Diets
Subsequent analysis, before the experiment was started, showed that diet A contained (mg/kg diet) : Fe 435, P 4500, Ca 5250, Mg 570. The corresponding values for diet B were (mg/kg diet) Fe 44.3, P 5860, Ca 6000, Mg 530.
Animals
The subjects were 4-week-old (recently weaned) male Wistar albino rats with an initial body weight of 5&65 g, reared in the University of Granada Laboratory Animal Service. The animals were divided into groups of seven rats each, which were housed from day 0 of the experiment in individual metabolism cages designed for the separate collection of faeces and urine ; the cages were located in a well-ventilated, thermostatically controlled room (21") with 12 h light-12 h dark periods.
Expt C-A. After feeding the semi-synthetic diet A (ferric citrate) for 30 d, diet A was supplied again during the experimental period.
Expt C-B. After feeding diet A for 30 d, diet B (ferric citrate-bovine blood) was supplied during the experimental period.
Expt F-A. After feeding diet 0 (without Fe supplement) for 30 d, diet A was supplied during the experimental period.
Expt F-B. After feeding diet 0 for 30 d, diet B was supplied during the experimental period.
In all experiments, Thomas & Mitchell's (1923) biological technique was used. A period of 3 d was allowed for adaptation to the diet, followed by a 7 d experimental period when faeces were collected on alternate days. Food intake (the total amount consumed daily by each rat was determined by weighing the amounts of diet given, refused and spilled) and body weight were recorded at the beginning and at the end of the experimental period, that is on days 33 and 40 of all experiments. Throughout the experimental period all rats had free access to double-distilled water. On days 0, 30 and 40 of all experiments tail blood was collected after an overnight (12 h) fast into tubes containing EDTA, and on day 40 of each experiment the animals were subjected to intraperitoneal urethane anaesthesia (200 mg/kg body weight) and were then completely exsanguinated via an abdominal aorta cannula. All blood samples were centrifuged to separate plasma, which was frozen at -30" until analysed.
Biological indices
Percentage ADC was calculated with the formula : absorbed intake percentage ADC = x 100, where nutrient absorption = intake -faecal excretion. Haemoglobin regeneration efficiency (HRE) was calculated as follows (Zhang et al. 1989) : Haemoglobin-Fe (mg) = body weight (g) x ml blood/g body weight (assumed to be 0.067 ml) x g haemoglobin/ml blood x mg Fe/g haemoglobin (assumed to be 3.35 mg). Analytical methods Water contents of the diet and the faeces were determined by drying at 105+2" until no further weight change was observed. Samples were ashed by calcination of 1-2 g samples at 450"; the resulting residue was extracted with 5 M-HC~, and made up to an appropriate volume with double-distilled water for Fe and P analysis, or with lanthanum chloride solution (5 g/l) for Ca and Mg analysis to avoid possible interference of P. Atomic absorption spectrophotometry (Perkin-Elmer 1100 B) was used to determine Fe, Ca and Mg; P was determined by visible light spectrophotometry using the technique of Fiske & C-A, semi-synthetic diet A (ferric citrate) for 30 d followed by diet A for experimental period; C-B, diet A for 30 d followed by diet B (ferric citrate-bovine blood) for experimental period; F-A, diet 0 (no Fe supplement) for 30 d followed by diet A for experimental period; F-B, diet 0 for 30 d followed by diet B for experimental period.
I. PALLARBS A N D O T H E R S
Mean values were significantly different from those for F-A: * P < 0.001.
Mean value was significantly different from that for F-B: $ P < 0.05; t P < 0.001. 9: For details of diets, see Table 1 and p. 610. Subbarow (1925) . N was determined by Kjeldahl's method, using a protein conversion factor of 6.25. Fat content was analysed by the Weibull-Berntrop gravimetric method (Weibull & Berntrop, 1988) .
Packed cell volume, erythrocyte and leucocyte counts, and haemoglobin level were obtained using a Symex CC-130 automatic cell counter. The leucocyte index was determined by microscopic observation of stained slides. Serum levels of Fe, Ca and P were obtained by colorimetry (Trinder, 1956; Sarkar & Chauhan, 1967; Drewes, 1972) .
Statistical treatment
Values are given as means with their standard errors for each variable investigated. Comparisons were made between groups (control and Fe-deficient) and diets (A and B) by one-and two-way ANOVA. A P value of less than 0.05 was considered significant.
R E S U L T S
Body weight
The weaned animals ranged in body weight from 50 to 65 g. The animals were then allocated randomly to four experimental groups such that there were no significant differences between groups in body weight.
Body weight at the start of the experimental period was higher in rats fed on diet B, both in control and Fe-deficient rats (Table 2) .
At the end of the experimental period both the type of diet and Fe deficiency affected body weight, which was higher in control and Fe-deficient rats that consumed diet B; the differences were only significant between Fe-deficient rats fed on diets A and B ( P < 0.05).
Mean body weight was lowest in Fe-deficient animals fed on both diets A and B in comparison with their respective control groups (Table 2 ; P < 0.001).
Food intake
There was no significant difference in food intake between the control groups of rats given similar concentrations but different types of dietary Fe (ferric citrate in diet A, ferric citrate-bovine blood in diet B), despite the slight increase in animals fed on diet B. Intake C-A, semi-synthetic diet A (ferric citrate) for 30 d followed by diet A for experimental period; C-B, diet A for 30 d followed by diet B (ferric citrate-bovine blood) for experimental period; F-A, diet 0 (no Fe supplement) for 30 d followed by diet A for experimental period; F-B, diet 0 for 30 d followed by diet B for experimental period; ADC, apparent digestibility coefficient.
Mean values were significantly different from those for F A : * P < 0.001.
Mean values were significantly different from those for F-B: 7 P < 0.05; 1 P < 0.01. 0 For details of diets, see Table 1 and p. 610. C-A, semi-synthetic diet A (ferric citrate) for 30 d followed by diet A for experimental period; C-B, diet A for 30 d followed by diet B (ferric citrate-bovine blood) for experimental period; F-A, diet 0 (no Fe supplement) for 30 d followed by diet A for experimental period; F-B, diet 0 for 30 d followed by diet B for experimental period; ADC, apparent digestibility coefficient.
* For details of diets, see Table 1 and p. 610.
was significantly lower in both groups of Fe-deficient rats in comparison with their respective control groups (Table 3 ; P < 0.001 and P < 0.05 for diets A and B respectively), moreover the intake of Fe-deficient rats fed on diet A was significantly lower than those fed on diet B (P < 0.01).
ADC of iron, phosphorus, calcium and magnesium The ADC of Fe was lower in control rats given diet A than in control animals fed on diet B, although the difference was not significant (10.4 (SE 2.6) v. 13.8 (SE 1.9); Table 3 ).
The ADC of P was similar in both control groups (Table 4) , but the ADC of Ca and Mg were lower with diet B (Tables 5 and 6 ), although they were both within the normal range described for this species Campos et al. 1989; Lopez-Aliaga et al. 1990 ). C-A, semi-synthetic diet A (ferric citrate) for 30 d followed by diet A for experimental period; C-B, diet A for 30 d followed by diet B (ferric citrate-bovine blood) for experimental period; F-A, diet 0 (no Fe supplement) for 30 d followed by diet A for experimental period; F-B, diet 0 for 30 d followed by diet B for experimental period; ADC, apparent digestibility coefficient.
Mean value was significantly different from that for F-A: * P < 0.01,
Mean value was significantly different from that for F-B:
5 For details of diets, see Table 1 and p. 610.
< 0.05; t P < 0.001. C-A, semi-synthetic diet A (ferric citrate) for 30 d followed by diet A for experimental period; C-B, diet A for 30 d followed by diet B (ferric citrate-bovine blood) for experimental period; F-A, diet 0 (no Fe supplement) for 30 d followed by diet A for experimental period; F-B, diet 0 for 30 d followed by diet B for experimental period; ADC, apparent digestibility coefficient.
Mean value was significantly different from that for F-A: * P < 0,001.
Mean value was significantly different from that for F-B: 3 P < 0.02; t P < 0.001.
5
For details of diets, see Table 1 and p. 610.
In both groups of Fe-deficient rats the ADC of Fe was higher than in the respective control group (percentage increases: diet A 42.3, diet B 45.7). The difference in the ADC between the two Fe-deficient groups was not significant (Table 3) .
For P the ADC was lower in both groups of Fe-deficient rats than in their respective control groups, although it remained within the normal range described for this species (Table 4) . However, for Ca and Mg there were clear decreases in the ADC in Fe-deficient animals with both diets, in comparison with their respective control groups (Tables 5 and   6 ; P < 0.001) except for the ADC of Ca in rats fed on diet A (P < 0.01). Moreover the ADC of Ca and Mg of the Fe-deficient rats fed on diet B was lower than that of Fe-deficient rats fed on diet A (P < 0.05 and P < 0.02 respectively). C-A, semi-synthetic diet A (ferric citrate) for 30 d followed by diet A for experimental period; C-B, diet A for 30 d followed by diet B (ferric citrate-bovine blood) for experimental period; F-A, diet 0 (no Fe supplement) for 30 d followed by diet A for experimental period; F-B, diet 0 for 30 d followed by diet B for experimental period.
Mean values were significantly different from those for F-B: 1 P < 0.05; $$P < 0.02; t P < 0.001.
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For details of diets, see Table 1 and p. 610. C-A, semi-synthetic diet A (ferric citrate) for 30 d followed by diet A for experimental period; C-B, diet A for 30 d followed by diet B (ferric citrate-bovine blood) for experimental period; F-A, diet 0 (no Fe supplement) for 30 d followed by diet A for experimental period; F-B, diet 0 for 30 d followed by diet B for experimental period.
Mean values were significantly different from those for F-A: t P < 0.02; * P < 0.001. Mean values were significantly different from those for F-B: § P < 0.05; 3 P < 0.001.
Haema t ological studies
Percentage HRE was similar in control rats that consumed diet A and animals given diet B (diet A 40.9 (SE 1.8), diet B 40.5 (SE 0.6); Table 7 ). These results were also similar to those reported by other authors.
The percentage increases in HRE in Fe-deficient animals were 72.9 (diet A) and 91.1 (diet B; Table 7 ; P < 0001). Serum levels of Fe decreased markedly in both groups of Fe-deficient rats ( P < O.OOl), whereas neither of the diets modified calcaemia or phosphataemia which were within the normal values for this species (Charles River Laboratories, 1982) . However, there were differences between groups ( P < 0.02 for control group rats v. Fe-deficient rats fed on diet A; Table 8 ) for values of calcaemia and phosphataemia. Mean values were significantly different from those for F-A: t P < 0.02; * P < 0.001. Mean value was significantly different from that for F-B: 0 P < 0.02; $ P < 0.001.
11
For details of diets, see Table 1 and p. 610. Erythrocytes, packed cell volume and haemoglobin in control rats were within normal limits for this species (Charles River Laboratories, 1982) before and after the experimental period (Table 9) .
Fe-deficient rats showed an almost complete recovery of packed cell volume after consuming either diet A or diet B. Erythrocyte numbers and haemoglobin levels also recovered, but failed to reach the control values recorded with either of the diets. There were FE, P, CA, M G BIOAVAILABILITY I N FE DEFICIENCY no differences between Fe-deficient animals fed on diet A or diet B in any of the haematological results, except in the final haemoglobin concentration (Table 9 ; P < 0.02).
Leucocyte counts and leucocyte indices were within normal limits for the rat in both controls and Fe-deficient animals, regardless of the source of dietary Fe provided (Table  10) .
DISCUSSION
The lower food intake in Fe-deficient rats regardless of the diet consumed may have been due to the behavioural effects (e.g. anorexia) of lack of Fe, as described in anaemia (Coltman, 1969) .
The ADC of Fe was higher in animals that consumed diet B, in agreement with earlier findings of Gordon & Godber (1989) and Shah et al. (1983) who reported that a mixture of inorganic and organic Fe increased the bioavailability of this element.
The ADC of Fe in control animals was notably lower than the values reported by Zhang et al. (1989 Zhang et al. ( , 1991 , possibly because of the different sources of dietary Fe. According to Brise & Hallberg (1962) , the absorption of ferric citrate, measured in the present study, is much lower than that of ferrous sulphate, used by Zhang et al. (1989 Zhang et al. ( , 1991 . Another difference with respect to the present study is that Zhang et al. (1989 Zhang et al. ( , 1991 used young rats (body weight 90 g), in which the utilization of Fe and other nutrients is higher than that in adult rats (body weight 256 g), which have lower nutritional requirements. Our choice of ferric citrate as the Fe supplement was based on the guidelines of the American Institute of Nutrition (1977) for mineral supplements. The lower digestive utilization of Fe in the present study may also be related to the lower dietary supply of protein (120 and 123 g/kg in diets A and B respectively), which nevertheless was considered sufficient to cover the requirements of adult rats (Thomas & Mitchell, 1923) , and suitable for testing the experimental interrelationships between Fe and protein. In this connection, Gordon & Godber (1989) noted that Fe absorption was affected by both the amount and the quality of the protein tested. In addition, the greater ADC of Fe in animals that consumed diet B (which, due to the addition of bovine blood, contained slightly more protein than diet A) suggests that once the minimum dietary Fe requirement is satisfied any variation in the quantity or quality of this nutrient will be reflected in the ADC of Fe.
Percentage HRE in both groups of control rats was similar to that reported by other authors (Miller & Nnanna, 1983; Thannoun et al. 1987a; Zhang et al. 1989 Zhang et al. , 1991 . That HRE was normal in our rats despite their lower digestive utilization of Fe may have been due to the higher turnover of circulating Fe under our experimental conditions, as suggested by the fact that our values for serum Fe, number of erythrocytes and haemoglobin concentration were similar to those reported for Wistar rats in a previous publication (Charles River Laboratories, 1982) .
The increase in percentage ADC of Fe in deficient rats fed on diet A (ferric citrate) or diet B (haem-plus non-haem-Fe) was similar to that reported by Thannoun et al. (1987a) . However, digestive utilization of Fe was greater with diet B than with diet A, probably for the same reasons as given previously with reference to the control group. The greater digestive utilization of Fe by anaemic rats was reflected in the HRE, which increased markedly to 70.7 % after diet A and to 77.4 YO after diet B. These values were also similar to those obtained in many earlier studies (Park et al. 1983; Jansuittivechakul et at. 1985 Jansuittivechakul et at. , 1986 Thannoun et al. 1987a, b ; Gordon & Godber, 1989; Zhang et al. 1989 Zhang et al. , 1991 .
The decrease in serum concentrations of Fe in both groups of Fe-deficient rats concurs with the findings of Schiimann et al. (1989) that, in spite of the better digestive utilization of Fe and the fact that haemoglobin levels were nearly adequate, serum Fe remained low regardless of the type of dietary Fe supplied. This suggests that Fe reserves in these animals had not fully recovered, despite the apparent recovery of haematological indicators of Fe nutrient status.
The digestive utilization of P by Fe-deficient rats was lower in both groups than in their respective controls, indicating that Fe deficiency affected the nutritional utilization of P even though the ADC of P was within the normal values, as reported also by Gordon & Godber (1989) . However, the ADC of both Ca and Mg decreased significantly in Fedeficient animals regardless of the source of dietary Fe. This finding can be interpreted in the light of evidence provided by Zhang et al. (1989) with regard to Fe absorption: these authors noted that in anaemic rats absorption by binding proteins was diminished, leading to increased enterocyte uptake of Fe (supplied as ferric citrate) by diffusion. This increase, in turn, probably left a greater amount of citrate anion in the intestinal lumen, where it could bind with Ca or Mg to form less readily absorbed divalent compounds of these cations (Lopez de Novales, 1974) .
This hypothesis would also account for the reduced Ca and Mg absorption in animals that consumed diet B. The greater absorption of Fe probably involved Fe supplied in the form of ferric citrate; consequently, the larger amount of free anion remaining in the intestinal lumen would favour the increased formation of calcium citrate and magnesium citrate compounds, thus decreasing the absorption of these cations.
The validity of the findings presented previously could be called into question if it were shown that the rats suffered from some infectious process during the experiments. This was ruled out by the quantitative and qualitative studies of circulating leucocytes in both control and experimental subjects. In all four groups investigated leucoctye count and leucocyte index remained within the limits considered normal, given some degree of biological variability.
The interrelationships reported here between Fe nutrition and the digestive utilization of Fe, Ca, P and Mg point toward a potentially fruitful new avenue of research in anaemia. Moreover, as noted by Gordon & Godber (1989) , the results obtained with this model may, with the necessary caveats, be extrapolated to human nutrition.
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